1. Introduction
===============

Flavonoids are large class of polyphenols with a common diphenylpropanes (C6-C3-C6) structure, consisting of two aromatic rings linked through three carbons. The six major subclasses of flavonoids include flavones, isoflavones, flavonols, flavanones, flavanols and anthocyanidins \[[@B1-molecules-17-11693]\]. These compounds have been found to possess a broad spectrum of pharmacological activities and have raised considerable interest because of their potential beneficial effects on human health. Flavonoids show antioxidant, antimicrobial, anti-inflammatory, chemopreventive and anticancer properties \[[@B1-molecules-17-11693],[@B2-molecules-17-11693],[@B3-molecules-17-11693],[@B4-molecules-17-11693],[@B5-molecules-17-11693],[@B6-molecules-17-11693],[@B7-molecules-17-11693],[@B8-molecules-17-11693],[@B9-molecules-17-11693],[@B10-molecules-17-11693]\], therefore, the development of natural flavonoids or their synthetic derivatives is becoming increasingly recognized as an effective strategy in prevention and anticancer therapy. The induction of cancer cell-specific apoptosis via the activation of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) signaling has become an important focus of cancer research. The co-treatment of flavonoids with TRAIL might be promising as a chemoprevention and/or a new therapy against malignant tumors. In the present study we examined for the first time the cytotoxic and apoptotic effects on HeLa cancer cells of TRAIL in combination with 6-hydroxyflavanone (6-HF) or 6-propionoxyflavanone (6-PF) and explained the potential mechanism by which the two synthetic flavanones enhance TRAIL-induced apoptosis. The chemical structures of the flavanones used in the study are shown in [Figure 1](#molecules-17-11693-f001){ref-type="fig"}.

![Chemical structures of tested synthetic flavanones.](molecules-17-11693-g001){#molecules-17-11693-f001}

In cancer cells, activation of the apoptotic machinery by death receptor ligands of the tumor necrosis factor (TNF) superfamily of cytokines represents a novel therapeutic strategy. TRAIL, a member of TNF family, is a potent stimulator of apoptosis in a wide variety of cancer cells upon binding to pro-apoptotic receptors TRAIL-R1/DR4 and TRAIL-R2/DR5. In contrast to other members of TNF, like TNF-alpha or Fas ligand, TRAIL selectively suppresses tumor growth *in vitro* and *in vivo*, but has little or no effect on normal tissues \[[@B11-molecules-17-11693],[@B12-molecules-17-11693],[@B13-molecules-17-11693],[@B14-molecules-17-11693],[@B15-molecules-17-11693]\]. Endogenous TRAIL expressed on the surface of immune cells or cleaved into a soluble, secreted form play an important role in the surveillance and defense against malignant tumors \[[@B16-molecules-17-11693],[@B17-molecules-17-11693],[@B18-molecules-17-11693]\]. In recent years, numerous exogenous forms of TRAIL have been developed based on the structure and biological activities of the natural ligand. Both pre-clinical and clinical studies with recombinant human soluble TRAIL (rhsTRAIL) or TRAIL-receptor agonist (anti-TRAIL-R1 and anti-TRAIL-R2) have shown remarkable anticancer effects in a wide range of tumor types \[[@B11-molecules-17-11693],[@B12-molecules-17-11693],[@B13-molecules-17-11693],[@B14-molecules-17-11693]\].

TRAIL triggers apoptosis in cancer cells through its interaction with specific death receptors. There are two receptors, TRAIL-R1/DR4 and TRAIL-R2/DR5, that by extracellular domains recognize and bind the ligand. The death receptors (DR) contain complete and functional intracellular death domains responsible for the activation of apoptosis pathway in cancer cells \[[@B13-molecules-17-11693]\]. DR stimulation by TRAIL results in the recruitment of the adaptor molecule Fas-associated death domain (FADD) to form the death inducing signaling complex (DISC), which subsequently activates initiator caspase-8 and executioner caspase-3, and finally induction of apoptosis via extrinsic (receptor-dependent) pathway. Alternatively, TRAIL can also cause caspase-3 activation by affecting mitochondrial BH3-interacting domain death agonist (Bid). Crosstalk between the extrinsic and intrinsic apoptosis pathways is linked by caspase-8. Activated caspase-8 can amplify death signal via intrinsic (mitochondrial-dependent) pathway, through cleavage of Bid, along with the mitochondrial membrane potential disruption and release of cytochrome *c* \[[@B15-molecules-17-11693],[@B16-molecules-17-11693],[@B17-molecules-17-11693],[@B18-molecules-17-11693]\]. However, some cancer cells are resistant to TRAIL-mediated apoptosis. The expression of the death receptors and proapoptotic or antiapoptotic proteins in cancer cells is involved in TRAIL-resistance \[[@B19-molecules-17-11693]\]. TRAIL-resistant cancer cells can be sensitized to TRAIL-mediated apoptosis by certain natural and synthetic flavonoids \[[@B20-molecules-17-11693],[@B21-molecules-17-11693],[@B22-molecules-17-11693],[@B23-molecules-17-11693],[@B24-molecules-17-11693],[@B25-molecules-17-11693],[@B26-molecules-17-11693],[@B27-molecules-17-11693],[@B28-molecules-17-11693],[@B29-molecules-17-11693],[@B30-molecules-17-11693],[@B31-molecules-17-11693],[@B32-molecules-17-11693],[@B33-molecules-17-11693],[@B34-molecules-17-11693],[@B35-molecules-17-11693],[@B36-molecules-17-11693],[@B37-molecules-17-11693],[@B38-molecules-17-11693],[@B39-molecules-17-11693]\].

2. Results and Discussion
=========================

2.1. Cytotoxic and Apoptotic Activities of Flavanones in HeLa Cancer Cells
--------------------------------------------------------------------------

Flavanones exhibit anti-oxidant, immunomodulatory, chemopreventive and anticancer properties \[[@B40-molecules-17-11693]\]. Previous in vitro studies showed that naturally occurring flavanones induced cytotoxicity and apoptosis in cancer cells; naringenin in leukemia TPH1 and U937 cells \[[@B41-molecules-17-11693],[@B42-molecules-17-11693]\], hesperidin in colon SNUC4 cells and leukemia NALM6 cells \[[@B43-molecules-17-11693],[@B44-molecules-17-11693]\] and liquiritigenin in hepatocarcinoma SMM7721 cells and cervical carcinoma HeLa cells \[[@B45-molecules-17-11693],[@B46-molecules-17-11693]\]. 6-HF is a synthetic compound. The flavanones with a hydroxyl groups (OH) at positions C4\' and C6 have shown significant cytotoxic and apoptotic effects against tumor cells, compared with other structurally related flavanones. The hydroxylation at C6 plays an important role in anti-oxidative activity and apoptosis-inducing potential of flavanones \[[@B47-molecules-17-11693]\]. 6-PF is a synthetic derivative of 6-HF with a propionoxyl group (C2H5COO) at the C6 position. We examined the cytotoxic and apoptotic activities of 6-HF and 6-PF against HeLa cells. Tested synthetic flavanones at concentrations of 50--100 μM induced cytotoxicity in a dose-dependent manner: 16.8 ± 1.4% to 42.1 ± 1.3% cell death for 6-HF and 20.6 ± 0.9% to 45.9 ± 0.9% cell death for 6-PF ([Figure 2](#molecules-17-11693-f002){ref-type="fig"}A). The concentrations of compounds equal 25 μM or less caused little or no anticancer effect \[[@B48-molecules-17-11693]\]. Our results indicate that cytotoxic effects of 6-HF and 6-PF against HeLa cells were mediated through apoptosis. The percentage of necrotic cells examined by lactate dehydrogenase assay, by flow cytometry with propidium iodide and by fluorescence microscopy with Ethidium Homodimer III was near 0%. At the concentration of 50--100 μM flavanones induced apoptosis in HeLa cells in dose-dependent manner: 6-HF 20.9 ± 0.9% to 40.5 ± 0.9% and 6-PF 23.1 ± 0.7% to 44.2 ± 1.0%, respectively. The obtained results suggest that hydroxyl or propionoxyl group located at the C6 position determine the strong cytotoxic and apoptotic activities against cancer cells. In contrast to 6-PF, 6-palmitynoxyflavanone (palminynoxyl group at position C6), the other synthetic derivative of 6-HF produces no anticancer effects \[[@B48-molecules-17-11693]\].

![Cytotoxic and apoptotic activities of synthetic flavanones in HeLa cancer cells. The cancer cells were incubated for 48 h with 6-HF or 6-PF at the concentrations of 50 μM and 100 μM. The values represent mean ± SD of three independent experiments performed in quadruplicate (*p* \< 0.05) (**\*\*\****p* \< 0.001 compared with control). (**A**) Cytotoxic activity of flavanones in HeLa cells. The percentage of cell death was measured by MTT cytotoxicity assay; (**B**) Apoptotic activity of flavanones in HeLa cells. Detection of apoptotic cell death by annexin V-FITC staining using flow cytometry.](molecules-17-11693-g002){#molecules-17-11693-f002}

2.2. Cytotoxic and Apoptotic Activities of TRAIL in HeLa Cancer Cells
---------------------------------------------------------------------

TRAIL is a death ligand and powerful inducer of apoptosis in cancer cells. Recombinant human TRAIL has been recently recommended for clinical trials in the treatment of human with neoplasm disease \[[@B11-molecules-17-11693],[@B12-molecules-17-11693],[@B13-molecules-17-11693],[@B14-molecules-17-11693],[@B15-molecules-17-11693]\]. rhsTRAIL used in our study is a soluble protein based on a natural endogenous ligand \[[@B25-molecules-17-11693]\]. Induction of apoptosis in cancer cells by TRAIL is a promising therapeutic approach in oncology, although TRAIL-resistance limits its efficacy \[[@B11-molecules-17-11693],[@B13-molecules-17-11693],[@B19-molecules-17-11693]\]. We and others have demonstrated that the HeLa cell line is resistant to TRAIL-mediated death \[[@B20-molecules-17-11693],[@B25-molecules-17-11693],[@B30-molecules-17-11693],[@B49-molecules-17-11693]\]. TRAIL at the concentration of 100 ng/mL induced 16.9 ± 1.3% cytotoxicity in HeLa cells. TRAIL caused the cytotoxic effect in cancer cells *via* the apoptotic route \[[@B30-molecules-17-11693],[@B49-molecules-17-11693]\]. The necrotic cell death percentage of HeLa cells examined by lactate dehydrogenase assay, by flow cytometry with propidium iodide and by fluorescence microscopy with Ethidium Homodimer III was near 0%. The apoptotic activity of TRAIL at the concentration of 100 ng/mL was 19.8 ± 0.8%. TRAIL concentrations of 200 ng/mL or higher did not significantly increase the cytotoxic and apoptotic effects on HeLa cells \[[@B48-molecules-17-11693]\].

2.3. Cytotoxic and Apoptotic Activities of TRAIL in Combination with Synthetic Flavanones in HeLa Cancer Cells
--------------------------------------------------------------------------------------------------------------

Several cellular mechanisms contribute to the overall anti-cancer activity of flavonoids. TRAIL-mediated apoptotic pathway is a potential target for these bioactive compounds \[[@B16-molecules-17-11693]\]. TRAIL-resistant cancer cells can be sensitized to TRAIL-induced apoptosis by various natural and synthetic flavonoids \[[@B20-molecules-17-11693],[@B21-molecules-17-11693],[@B22-molecules-17-11693],[@B23-molecules-17-11693],[@B24-molecules-17-11693],[@B25-molecules-17-11693],[@B26-molecules-17-11693],[@B27-molecules-17-11693],[@B28-molecules-17-11693],[@B29-molecules-17-11693],[@B30-molecules-17-11693],[@B31-molecules-17-11693],[@B32-molecules-17-11693],[@B33-molecules-17-11693],[@B34-molecules-17-11693],[@B35-molecules-17-11693],[@B36-molecules-17-11693],[@B37-molecules-17-11693],[@B38-molecules-17-11693],[@B39-molecules-17-11693]\].

We investigated the cytotoxic and apoptotic activity of TRAIL in combination with 6-HF and 6-PF on HeLa cancer cells. The cytotoxicity of TRAIL at the concentration of 100 ng/mL in combination with flavanones at the concentrations of 50 μM and 100 μM in HeLa cells was significantly increased to 51.1 ± 0.8%--64.6 ± 1.3% cell death for 6-HF and to 64.4 ± 1.1%--74.7 ± 1.1% cell death for 6-PF in comparison to TRAIL alone ([Figure 3](#molecules-17-11693-f003){ref-type="fig"}A). In contrast to 6-PF, 6-palmitynoxyflavanone, the other synthetic derivative of 6-HF, produces no anticancer effect alone or in combination with TRAIL \[[@B48-molecules-17-11693]\]. 6-HF and 6-PF cooperate with TRAIL to induce apoptosis in cancer cells ([Figure 3](#molecules-17-11693-f003){ref-type="fig"}B). When HeLa cells were treated with the same concentrations of TRAIL and flavanones, the percentage of apoptotic cells determined by annexin V-FITC staining using flow cytometry was elevated to 52.1 ± 0.9%--65.1 ± 0.8% for 6-HF and to 67.5 ± 0.8%--76.3 ± 0.8% for 6-PF. The synthetic flavanones sensitize the TRAIL-resistant HeLa cells and markedly increase anticancer effect of death ligand. The annexin V-FITC staining visualized by fluorescence microscopy, supports the hypothesis that the apoptotic activity of TRAIL was augmented by 6-HF and 6-PF in cancer cells ([Figure 3](#molecules-17-11693-f003){ref-type="fig"}C). The exposure of cancer cells with TRAIL and flavanones for 24 h or less produced a proportionally smaller anticancer effect \[[@B48-molecules-17-11693]\]. The necrotic cell death percentage of HeLa cells examined by lactate dehydrogenase assay, Apoptest-FITC and Apoptotic & Necrotic & Healthy Cells Quantification Kit was near zero.

Numerous findings showed that flavonoids reverse TRAIL-resistance and significantly augment the apoptotic activity of TRAIL in cancer cells \[[@B20-molecules-17-11693],[@B21-molecules-17-11693],[@B22-molecules-17-11693],[@B23-molecules-17-11693],[@B24-molecules-17-11693],[@B25-molecules-17-11693],[@B26-molecules-17-11693],[@B27-molecules-17-11693],[@B28-molecules-17-11693],[@B29-molecules-17-11693],[@B30-molecules-17-11693],[@B31-molecules-17-11693],[@B32-molecules-17-11693],[@B33-molecules-17-11693],[@B34-molecules-17-11693],[@B35-molecules-17-11693],[@B36-molecules-17-11693],[@B37-molecules-17-11693],[@B38-molecules-17-11693],[@B39-molecules-17-11693]\]. In the flavanones subclass, naringenin enhances TRAIL-induced apoptosis in lung cancer A549 cells \[[@B36-molecules-17-11693]\]. Many tumors remain resistant to TRAIL-mediated cell death, which is related to dominance of anti-apoptotic signals. There are many factors contributing to the resistance of cancer cells to TRAIL-induced apoptosis and flavonoids are able to overcome TRAIL-resistance \[[@B19-molecules-17-11693],[@B20-molecules-17-11693],[@B21-molecules-17-11693],[@B22-molecules-17-11693],[@B23-molecules-17-11693],[@B24-molecules-17-11693],[@B25-molecules-17-11693],[@B26-molecules-17-11693],[@B27-molecules-17-11693],[@B28-molecules-17-11693],[@B29-molecules-17-11693],[@B30-molecules-17-11693],[@B31-molecules-17-11693],[@B32-molecules-17-11693],[@B33-molecules-17-11693],[@B34-molecules-17-11693],[@B35-molecules-17-11693],[@B36-molecules-17-11693],[@B37-molecules-17-11693],[@B38-molecules-17-11693],[@B39-molecules-17-11693]\]. Therefore, further investigations will be required to explain the molecular mechanisms by which 6-HF and 6-PF sensitize cancer cells to TRAIL-mediated death.

![Cytotoxic and apoptotic activities of TRAIL in combination with synthetic flavanones in HeLa cancer cells. The cancer cells were incubated for 48 h with TRAIL at the concentration of 100 ng/mL and 6-HF or 6-PF at the concentrations of 50 μM and 100 μM. The values represent mean ±SD of three independent experiments performed in quadruplicate (**\*\*\****p* \< 0.001 compared with control, ^\#\#\#^*p* \< 0.001 compared with 6-HF or 6-PF and ^+++^*p* \< 0.001 compared with TRAIL). **(A)** Co-treatment of TRAIL with flavanones induced cytotoxicity in HeLa cells. The percentage of cell death was measured by MTT cytotoxicity assay; (**B**) Co-treatment of TRAIL with flavanones induced apoptosis in HeLa cells. Detection of apoptotic cell death by annexin V-FITC and propidium iodide staining using flow cytometry; (**C**) Co-treatment of TRAIL with flavanones induced apoptosis in HeLa cells: (**a**) control cells; (**b**) cells incubated with 100 ng/mL TRAIL; (**c**) cells incubated with 50 μM 6-HF; (**d**) cells incubated with 100 μM 6-HF; (**e**) cells incubated with 100 ng/mL TRAIL and 50 μM 6-HF; (**f**) cells incubated with 100 ng/mL TRAIL and 100 μM 6-HF; (**g**) cells incubated with 50 μM 6-PF; (**h**) cells incubated with 100 μM 6-PF; (**i**) cells incubated with 100 ng/mL TRAIL and 50 μM 6-PF; (**j**) cells incubated with 100 ng/mL TRAIL and 100 μM 6-PF. Detection of apoptotic cell death by fluorescence microscopy using annexin V-FITC, Ethidium Homodimer III and Hoechst 33342 staining. The healthy cells (stained with Hoechst 33342) emitted blue fluorescence and apoptotic cells (stained with Annexin V-FITC and Hoechst 33342) emitted green and blue fluorescence (indicated by arrows). Cells undergoing apoptosis showed nuclei shrinkage, chromatin condensation and nuclei fragmentation.](molecules-17-11693-g003){#molecules-17-11693-f003}

2.4. Effects of 6-HF and 6-PF on Death Receptor Expression in HeLa Cancer Cells
-------------------------------------------------------------------------------

TRAIL triggers cell death in various cancers through its interaction with death receptors, which contain a cytoplasmic death-domains capable of recruiting pro-apoptotic molecules and inducing apoptosis \[[@B11-molecules-17-11693],[@B15-molecules-17-11693]\]. Expression levels of TRAIL-R1/DR4 and/or TRAIL-R2/DR5 on the cancer cell surface may play a critical role in intensity and/or duration of death receptor-mediated signaling in response to death ligands \[[@B13-molecules-17-11693],[@B19-molecules-17-11693]\]. We determined the expression of TRAIL-R1 and TRAIL-R2 after a 48-hour incubation of HeLa cells with flavanones at the concentration of 50 μM by flow cytometry ([Figure 4](#molecules-17-11693-f004){ref-type="fig"}).

![Effects of synthetic flavanones on death receptor expression in HeLa cancer cells. Cells were incubated for 48 h with 6-HF or 6-PF at the concentration of 50 μM. The surface expression of (**A**) TRAIL-R1 and (**B**) TRAIL-R2 on cancer cell was analysed by flow cytometry. The values represent mean ±SD of three independent experiments performed in quadruplicate.](molecules-17-11693-g004){#molecules-17-11693-f004}

Numerous studies indicate that a lack or low expression of death receptors is involved in the resistance of cancer cells to TRAIL-mediated apoptosis \[[@B11-molecules-17-11693],[@B12-molecules-17-11693],[@B13-molecules-17-11693],[@B14-molecules-17-11693],[@B15-molecules-17-11693],[@B16-molecules-17-11693],[@B17-molecules-17-11693],[@B18-molecules-17-11693],[@B19-molecules-17-11693]\]. Flavonoids have been demonstrated to augment TRAIL-induced apoptosis by increasing TRAIL-R2 expression in cancer cell surface. Apigenin, luteolin, baicalein, wogonin, quercetin, kaempferol, silibinin and biochanin-A influence TRAIL-R2 expression. This indicates that combinations of TRAIL and flavonoids capable of up-regulation of TRAIL-R2 may be a promising strategy for sensitization of tumors to TRAIL-induced apoptosis \[[@B20-molecules-17-11693],[@B21-molecules-17-11693],[@B22-molecules-17-11693],[@B23-molecules-17-11693],[@B24-molecules-17-11693],[@B26-molecules-17-11693],[@B27-molecules-17-11693],[@B28-molecules-17-11693],[@B37-molecules-17-11693],[@B39-molecules-17-11693]\].

We analyzed the expression of TRAIL-R1 and TRAIL-R2 proteins in HeLa cells after treatment with synthetic flavanones. 6-HF and 6-PF significantly increased TRAIL-R2 protein levels, and a slight increase was observed in TRAIL-R1 levels post-flavanone exposure on the cell surface. To determine that the induction of apoptosis by the combination of TRAIL and 6-HF or 6-PF was mediated through TRAIL-R1 and/or TRAIL-R2, we used the TRAIL-R1/Fc or TRAIL-R2/Fc chimera protein, which has a dominant negative function against death receptors. The TRAIL-R2/Fc efficiently blocked apoptosis caused by the co-treatment of TRAIL with 6-HF or 6-PF ([Figure 5](#molecules-17-11693-f005){ref-type="fig"}). These data suggested that synthetic flavanones sensitized cancer cells to TRAIL through the extrinsic (receptor) apoptotic pathway via up-regulation of TRAIL-R2.

![TRAIL-R2/Fc chimera block apoptosis induced by combination of TRAIL and synthetic flavanones in HeLa cancer cells. Cells were incubated for 48 h with 100 ng/mL TRAIL and/or 50 μM 6-HF or 6-PF with or without 1 μg/mL TRAIL-R1/Fc or TRAIL-R2/Fc chimera proteins. Apoptotic cell death was detected by annexin V-FITC staining using flow cytometry. The values represent mean±SD of three independent experiments performed in duplicate.](molecules-17-11693-g005){#molecules-17-11693-f005}

An increase of TRAIL-R2 expression and abrogation of TRAIL-resistance in cancer cells has been attributed to various agents, including natural or synthetic flavanones. Among flavanones, naringenin sensitized lung cancer A549 cells to TRAIL-induced apoptosis also by modulation of TRAIL-R2 protein levels \[[@B36-molecules-17-11693]\]. Till now the mechanism underlying flavonoid-induced TRAIL-R2 up-regulation was examined by quercetin from the flavonols subclass and by luteolin from the flavones subclass. Quercetin increased TRAIL-R2 promoter activity, TRAIL-R2 mRNA and TRAIL-R2 protein levels in DU145 prostate cancer cells. TRAIL-R2 overexpression was due to both increased transcription and increased protein stability at the post-translation level by quercetin in DU145 cells. Luteolin induced TRAIL-R2 mRNA expression and increased TRAIL-R2 promoter activity in HeLa cells. This demonstrated that luteolin up-regulated TRAIL-R2 expression at the transcriptional level through TRAIL-R2 promoter in HeLa cells.

2.5. Effects of TRAIL and Synthetic Flavanones on Mitochondrial Membrane Potential (ΔΨm) in HeLa Cancer Cells
-------------------------------------------------------------------------------------------------------------

Mitochondrial membrane depolarization is one of the first intracellular changes following the onset of apoptosis \[[@B32-molecules-17-11693]\]. The apoptosis induction by flavanones in cancer cells is associated with engagement of an intrinsic pathway. Liu *et al.* described the mitochondrial-mediated apoptosis *via* cytochrome *c* release by liquiritigenin in HeLa cells \[[@B46-molecules-17-11693]\]. Ko *et al.* observed removal of cytochrome *c* from mitochondria to cytosol in 6-HF treated HL60 leukemic cells and demonstrated a significant role of intrinsic pathway in apoptosis caused by 6-HF \[[@B47-molecules-17-11693]\]. We evaluated whether 6-HF and 6-PF sensitize cancer cells to TRAIL-induced mitochondrial dysfunction. The incubation of HeLa cells with 100 ng/mL TRAIL or 50 μM flavanone (6-HF and 6-PF) alone caused little effect on ΔΨm (9.1 ± 0.8%, 12.3 ± 0.9% and 12.6 ± 0.9%, respectively). The combination of TRAIL with flavanones augment the loss of ΔΨm in a large percentage of cells: 42.1 ± 1.2% for 6-HF and 45.2 ± 1.5% for 6-PF and induced a significant disruption of the ΔΨm ([Figure 6](#molecules-17-11693-f006){ref-type="fig"}). These results confirm the involvement of intrinsic (mitochondrial) apoptotic pathway in HeLa cells co-treated with TRAIL and synthetic flavanones.

![Effects of TRAIL in combination with synthetic flavanones on the mitochondrial membrane potential (ΔΨm) in HeLa cancer cells. Cells were incubated for 48 h with TRAIL at the concentration of 100 ng/mL and 6-HF or 6-PF at the concentration of 50 μM. The values represent the mean±SD of three independent experiments performed in quadruplicate (**\*\*\****p* \< 0.001 compared with control, ^\#\#\#^*p* \< 0.001 compared with 6-HF or 6-PF and ^+++^*p* \< 0.001 compared with TRAIL). (**A**) TRAIL in combination with flavanones induced loss of ΔΨm in HeLa cells; (**B**) Disruption of ΔΨm in cancer cells was assessed by fluorescent microscopic analysis of DePsipher staining: (**a**) control cells; (**b**) cells incubated with 100 ng/mL TRAIL; (**c**) cells incubated with 50 μM 6-HF; (**d**) cells incubated with 100 ng/mL TRAIL and 50 μM 6-HF; (**e**) cells incubated with 50 μM 6-PF; (**f**) cells incubated with 100 ng/mL TRAIL and 50 μM 6-PF. Red fluorescence is emitted from the red aggregates of DePsipher which are formed within mitochondria in healthy cells. Green fluorescence reveals the monomeric form of the DePsipher molecule, which appears in the cytosol after mitochondrial membrane depolarization (indicated by arrows).](molecules-17-11693-g006){#molecules-17-11693-f006}

Among flavonoids, quercetin also stimulated mitochondrial membrane depolarization and cytochrome *c* release in non-Hodgkin's lymphoma B cells. This flavonol induced the depletion of Mcl-1 in VAL and RL cell lines, while other members of Bcl-2 family were not changed \[[@B50-molecules-17-11693]\].

In many types of cancer cells the deregulation of apoptotic pathway in the course of carcinogenesis concerns both extrinsic and intrinsic pathways \[[@B11-molecules-17-11693],[@B16-molecules-17-11693],[@B18-molecules-17-11693]\]. Jin *et al.* showed that natural flavanone naringenin enhances TRAIL-induced apoptosis in lung cancer A549 cells through increase of TRAIL-R2 expression and loss of mitochondrial membrane potential. Additionally, co-treatment of TRAIL with naringenin markedly reduced total Bid protein in A549 cells, which suggests the crosstalk between both apoptotic pathways, the extrinsic (receptor) and intrinsic (mitochondrial) \[[@B36-molecules-17-11693]\]. We report that the augmentation of TRAIL activity by synthetic flavanones, 6-HF and 6-PF, also affects both receptor-mediated and mitochondrial signals leading to apoptosis.

3. Experimental
===============

3.1. Chemistry
--------------

### 3.1.1. General

Melting points (°C) were determined using a Boetius apparatus (Kofler block). The ^1^H-MNR and ^13^C-NMR spectra were recorded on a Bruker Avance DRX 300 Spectrometer. Optical rotations were measured on an automatic polarimeter JASCO P-2000-Na, equipped with an intelligent remote module (iRM) (ABL&E-JASCO, Kraków, Poland). Reactions and the resulted products were monitored by thin layer chromatography (TLC), which was carried out on silica gel 60 F254 plates (Merck, Darmstadt, Germany). Plates were visualized under UV light (were appropriate). Chromatograms were developed using the following systems: hexane: ethyl acetate (7:3), dichloromethane: ethyl acetate (1:1). Column chromatography (CC) was purchased on silica gel (230--400 mesh), a product of Merck Company. HPLC analyses were performed with a Waters 2690 instrument equipped with Waters 996 photodiode array detector, using ODS 2 column (4.6 × 250 mm, Waters) and a Guard-Pak Inserts μBondapak C18 pre-column. Separation conditions were as follows: gradient elution, using 80% of acetonitrile in 4.5% formic acid solution (eluent A) and 4.5% formic acid (eluent B); flow 1 mL/min; detection wavelength 280 nm; program: 0--7 min, 10% A 90% B; 7--10 min, 50% A 50% B; 10--13 min, 60% A 40% B; 13--15 min, 70% A 30% B; 15--20 min 80% A 20% B; 20--30 min 90% A 10% B; 30--40 min, 100% A.

6-Hydroxyflavanone (6-HF), a racemic substrate for the reaction, was purchased from Sigma Chemical Company (St. Louis, MO, USA). 6-HF: C~15~H~12~O~3~; melting point 234--235 °C; R~t~ 15.64 min (HPLC). A full description of the ^1^H-NMR and ^13^C-NMR spectra of 6-HF can be found in our previous paper \[[@B51-molecules-17-11693]\]. 6-Propionoxyflavanone (6-PF) is a synthetic derivative of 6-HF.

### 3.1.2. Synthesis of 6-PF

Racemic 6-HF (25 mmol) was added to a mixture of pyridine (Py, 0.62 mmol) and propionyl chloride (0.58 mmol) in tetrahydrofuran (THF, 5 mL) at room temperature with stirring for 30 min (the progress of the reaction was monitored by TLC). Next, ethyl acetate (5 mL) was added to the reaction mixture, which was washed with HCl (0.5 M) until the solution became slightly acidic (pH = 5). Then the organic layer was separated and the aqueous layer was additionally extracted with ethyl acetate (3 × 5 mL). The combined organic layers were washed with brine until neutral and dried over anhydrous MgSO~4~. After evaporation of the solvent and purification by CC, (±)-6-PF was obtained in 94% yield ([Scheme 1](#molecules-17-11693-f007){ref-type="scheme"}). The results of X-ray analysis of (±)-6-PF were presented earlier \[[@B52-molecules-17-11693]\].

![Synthesis of 6-PF.](molecules-17-11693-g007){#molecules-17-11693-f007}

*6-Propionoxyflavanone* (6-PF, C~18~H~16~O~4~): mp. 112--115 °C; R~t~ 20.96 min (HPLC); purity 99% (HPLC); \[α\]: 0, (c = 1.00, CH~3~CN). ^1^H-NMR (THF-d~8~) δ: 1.19 (3H, t, *J*= 7.5 Hz, C[H]{.ul}~3~CH~2~-), 2.58 (2H, q, *J*= 7,5 Hz, CH~3~C[H]{.ul}~2~-), 2.80 (1H, dd, *J*~3eq,3ax~ = 16.8, *J*~3eq,2~ = 2.9 Hz, H-3~eq~), 3.07 (1H, dd, *J*~3ax,3eq~ = 16.7, *J*~3ax,2~ = 13.2 Hz, H-3~ax~), 5.58 (1H, dd, *J*~2,3ax~ = 13.0, *J*~2,3eq~ = 2.8 Hz, H-2), 6.80 (1H, dd, *J*~7,8~ = 8.8 Hz, *J*~7,5~ = 3.0 Hz, H-7), 6.85 (1H, d, *J*~5,7~ = 2.9 Hz, H-5), 7.37 (3H, m, H-3\', H-4\', H-5\'), 7.52 (2H, m, H-2\', H-6\'), and 7.87 (1H, d, *J*~8,7~ = 8.9 Hz, H-8); ^13^C-NMR (THF-d~8~) δ: 9.3 (C[H]{.ul}~3~CH~2~-), 28.2 (CH~3~C[H]{.ul}~2~-), 45.2 (C-3), 81.2 (C-2), 111.9 (C-5), 116.4 (C-8), 119.9 (C-10), 127.3 (C-7), 128.8 (C-2\', C-6\'), 129.4 (C-4\'), 129.5 (C-3\', C-5\'), 140.6 (C-1\'), 157.9 (C-6), 163.5 (C-9), 172.3 (\>[H]{.ul}=0), and 190.5 (C-4).

3.2. Biological Methods
-----------------------

### 3.2.1. Reagents

The compounds (6-HF and 6-PF) were dissolved in DMSO (50 mM) to a final concentration of 0.1% (*v/v*) in the culture media. Soluble recombinant human TRAIL (rhsTRAIL) was purchased from PeproTech Inc. (Rocky Hill, NJ, USA).

### 3.2.2. Cancer Cells

The experiments were performed on a HeLa human cervical cancer cell line obtained from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen) GmbH-German Collection of Microorganism and Cell Cultures (Braunschweig, Germany). The HeLa cells were grown in monolayer cultures in RPMI 1640 containing 10% fetal bovine serum with 4 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin. The cells were maintained at 37 °C in atmosphere with 5% CO~2~ \[[@B25-molecules-17-11693],[@B30-molecules-17-11693]\]. All reagents for cell culture were purchased from PAA Laboratories (Pasching, Austria).

### 3.2.3. Detection of Cell Death Using MTT Colorimetric Assay

The cytotoxicity was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described previously \[[@B53-molecules-17-11693],[@B54-molecules-17-11693]\]. The HeLa cells (2.5 × 10^5^/mL) were seeded 24 h before the experiments in a 96-well plate. TRAIL (100 ng/mL) and/or flavanones (50--100 μM) were added to the cells, and 48 h later the medium was removed and 20 μL MTT solutions prepared at 5 mg/mL (Sigma Chemical Company) were added to each well for 4 h. The resulting crystals were dissolved in DMSO. Controls included native cells and medium alone. The spectrophotometric absorbance of each well was measured using a microplate reader (ELx 800, Bio-Tek Instruments Inc., Winooski, VT, USA) at 550 nm. The percent cytotoxicity was calculated by the formula: percent cytotoxicity (cell death) = \[1 − (absorbance of experimental wells/absorbance of control wells)\] × 100%.

### 3.2.4. Lactate Dehydrogenase Release Assay

Lactate dehydrogenase (LDH) is a stable cytosolic enzyme released upon membrane damage in necrotic cells. Measurement of LDH activity was performed using a commercial cytotoxicity assay kit (Roche Diagnostics GmbH, Mannheim, Germany), in which LDH is detected in culture supernatants with a coupled enzymatic assay, resulting in conversion of a tetrazolium salt into red formazan product. The HeLa cells were treated with various concentrations of flavanones (50--100 μM) alone and in combination with TRAIL (100 ng/mL) for the indicated period of time. The sample solution (supernatant) was removed and LDH released from cells was measured in culture medium. The maximal release was obtained after treating control cells with 1% Triton X-100 for 10 min at room temperature \[[@B55-molecules-17-11693],[@B56-molecules-17-11693]\]. The necrotic percentage was expressed using the formula: (sample value/maximal release) × 100%.

### 3.2.5. Determination of Apoptosis by Flow Cytometry with Annexin V-FITC Staining

Apoptosis was determined by flow cytometry using the Apoptest-FITC Kit with annexin V (Dako, Glostrup, Denmark). HeLa cells (2.5 × 10^5^/mL) were seeded in 24-well plates for 24 h prior to experimentation and then exposed to TRAIL (100 ng/mL) and/or flavanones (50--100 μM) for 48 h. After the incubation, the cells were washed twice with phosphate-buffered saline solution (PBS) and resuspended in 500 μL of binding buffer. The cell suspension (290 μL) was then incubated with 5 μL of annexin V-FITC and 5 μL of propidium iodide for 10 min at room temperature in the dark. The population of annexin V-positive cells was evaluated by flow cytometry (BD LSR II Analyzer, Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) \[[@B34-molecules-17-11693],[@B57-molecules-17-11693]\].

### 3.2.6. Determination of Apoptosis by Fluorescence Microscopy with Annexin V-FITC Staining

Apoptotic cells were quantified by the fluorescence microscopy method using the Apoptotic & Necrotic & Healthy Cells Quantification Kit from Biotium, Inc. (Hayward, CA, USA) \[[@B25-molecules-17-11693],[@B30-molecules-17-11693]\]. The HeLa cells (2.5 × 10^5^/mL) were seeded 24 h before the experiments in a 24-well plate. TRAIL (100 ng/mL) and/or flavanones (50--100 μM) were added to cancer cells, and 48 h later the cells were washed with PBS and detached from cell culture wells by trypsin. Next, the cells were centrifuged to discard supernatant, washed with PBS and resuspended in binding buffer (100 μL/sample). To each tube there were added: 5 μL Annexin V-FITC, 5 μL Ethidium Homodimer III and 5 μL Hoechst 33342 solutions. The samples were incubated at room temperature for 15 min in the dark. After staining the cancer cells were washed with binding buffer and placed on a glass slide and covered with a glass coverslip. The stained cells were observed under a fluorescence inverted microscope IX51 (Olympus, Tokyo, Japan) using filter set for FITC, TRITC and DAPI. The healthy cells (stained with Hoechst 33342) emitted blue fluorescence, apoptotic cells (stained with Annexin V-FITC and Hoechst 33342) emitted green and blue fluorescence and necrotic cells (stained with Ethidium Homodimer III and Hoechst 33342) emitted red and blue fluorescence.

### 3.2.7. Flow Cytometric Analysis of Death Receptor Expression on the Cancer Cell Surface

The cell surface expression of death receptors TRAIL-R1 and TRAIL-R2 was detected by flow cytometry (LSR II, Becton Dickinson Immunocytometry Systems). HeLa cells (2.5 × 10^5^/mL) were seeded in 24-well plates for 24 h and exposed to flavanones (50 μM) for 48 h. Cells were then harvested using solution of trypsin and ethylenediaminetetraacetic acid, washed twice in PBS and resuspended in PBS containing 0.5% bovine serum albumin. Cells were incubated with 10 μL phycoerythrin-conjugated anti-TRAIL-R1 or anti-TRAIL-R2 monoclonal antibody (R&D Systems, Minneapolis, MN, USA) at 4 °C for 45 min. After staining, the cells were washed with PBS and analysed using flow cytometry \[[@B48-molecules-17-11693],[@B58-molecules-17-11693]\]. The control sample (isotype control) consisted of cells in a separate tube treated with phycoerythrin-labelled mouse IgG~1~ or mouse IgG~2B~ (R&D Systems).

### 3.2.8. Evaluation of Mitochondrial Membrane Potential by DePsipher

The DePsipher Kit (R&D Systems) was used to measure the mitochondrial membrane potential by fluorescence microscopy \[[@B32-molecules-17-11693],[@B35-molecules-17-11693]\]. HeLa cells (2.5 × 10^5^/mL) were seeded in a 24-well plate 24 h prior to the experiments. TRAIL (100 ng/mL) and/or flavanones (50 μM) were added, and 48 h later, the cells were washed with PBS and harvested by trypsinisation. The cells were incubated in the dark with DePsipher (5,5\',6,6\'-tetrachloro-1,1\',3,3\'-tetraethylbenzimidazolyl carbocyanin iodide) solution at a concentration of 5 μg/mL for 30 min at 37 °C, washed with reaction buffer with stabiliser, placed on a glass slide and covered with a glass cover slip. The stained cells were observed with a fluorescence inverted microscope using filter sets for FITC and TRITC. DePsipher undergoes potential-dependent accumulation in the mitochondria, which is indicated by a fluorescence emission shift from red (590 nm) to green (530 nm).

3.3. Statistical Analysis
-------------------------

The results are expressed as means ± S.D. obtained from three separate experiments performed in quadruplicate (n = 12). Statistical significance was evaluated using t Student's test. *p* \< 0.05 were considered significant.

4. Conclusions
==============

Both synthetic flavanones, 6-HF and its derivative 6-PF, augment TRAIL-induced apoptosis in HeLa cells and sensitize TRAIL-resistant cancer cells by engaging extrinsic and intrinsic apoptotic pathway via up-regulation of TRAIL-R2 expression and induction of ΔΨm loss. The study demonstrates the potential use of 6-HF and 6-PF in TRAIL-based anticancer therapy and prevention.
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